The effects of levosimendan (Levo) on injury patterns in the immature brain following cardiopulmonary bypass (CPB) are unknown. Methods: Eighteen 3-to 4-wk-old anesthetized lambs, instrumented with vascular catheters and aortic and right carotid artery flow probes, were allocated to non-CPB, CPB, or CPB+Levo groups (each n = 6). After 120 min CPB with 90 min aortic cross-clamp, CPB animals received dopamine, and CPB+Levo animals both dopamine and Levo, for 4 h. All lambs then underwent brain magnetic resonance imaging, followed by postmortem brain perfusion fixation for immunohistochemical studies. results: In CPB lambs, aortic (P < 0.05) and carotid artery (P < 0.01) blood flows fell by 29 and 30%, respectively, between 2 and 4 h after cross-clamp removal but were unchanged in the CPB+Levo group. No brain injury was detectable with magnetic resonance imaging in either CPB or CPB+Levo lambs. However, on immunohistochemical analysis, white matter astrocyte density of both groups was higher than in non-CPB lambs (P < 0.05), while white matter microglial density was higher (P < 0.05), but markers of cortical oxidative stress were less prevalent in CPB+Levo than CPB lambs. conclusion: While Levo prevented early postoperative falls in cardiac output and carotid artery blood flow in a lamb model of infant CPB, this was associated with heterogeneous neuroglial activation and manifestation of markers of oxidative stress. n eurodevelopmental impairment affects up to one half of all survivors of infant heart surgery, with the spectrum ranging from gross and fine motor deficits, visuospatial difficulties, and impaired cognition to delay in speech and language development (1-5). The mechanisms contributing to brain injury in infants with congenital heart disease are complex and multifactorial, with no consistent improvement in neurodevelopmental outcomes achieved despite major advances in pediatric cardiac surgery and survival. A recent report from the Pediatric Heart Network and the National Heart, Lung, and Blood Institute working group reaffirmed the importance of trials aimed at evaluating novel therapies to address this problem (6).
n eurodevelopmental impairment affects up to one half of all survivors of infant heart surgery, with the spectrum ranging from gross and fine motor deficits, visuospatial difficulties, and impaired cognition to delay in speech and language development (1) (2) (3) (4) (5) . The mechanisms contributing to brain injury in infants with congenital heart disease are complex and multifactorial, with no consistent improvement in neurodevelopmental outcomes achieved despite major advances in pediatric cardiac surgery and survival. A recent report from the Pediatric Heart Network and the National Heart, Lung, and Blood Institute working group reaffirmed the importance of trials aimed at evaluating novel therapies to address this problem (6) .
Younger infants undergoing surgery for congenital heart disease are most susceptible to developing brain injury (7, 8) .
The perioperative interval represents a high-risk period with often extended duration of cardiopulmonary bypass (CPB) at the time of the first surgical procedure, as well as significant circulatory disturbance postoperatively. The avoidance of a low cardiac output (CO) state, which can complicate the postoperative course of a proportion of infants after cardiac surgery and which may contribute to later impairment, is a major focus of postoperative care after infant heart surgery. The PRIMACORP study demonstrated the efficacy of intravenous milrinone in preventing this phenomenon in a cohort of children undergoing intracardiac repairs (9) . Our laboratory subsequently demonstrated that the inodilator levosimendan (Levo) (Simdax, Abbott, Botany, Australia) was at least as efficacious, and potentially more so, than milrinone in protecting against a postoperative reduction of CO in a piglet model of infant CPB (10) .
Levo improves cardiovascular performance through sensitization of the myocardium to intracellular calcium, resulting in increased contractility, and through opening of sarcolemmal adenosine triphosphate (ATP)-sensitive K + channels in vascular smooth muscle cells to produce peripheral and coronary vasodilation (10) . Mitochondria play a major role in cellular responses to ischemic injury, and the activation of mitochondrial ATP-sensitive K + channels confers neuroprotection in models of CPB and in models of cerebral ischemia-reperfusion (11, 12) . More recently, the action of Levo on mitochondrial ATP-sensitive K + channels in the heart has been shown to protect the heart against ischemia-reperfusion injury and to limit myocyte apoptosis (13) .
While it has beneficial hemodynamic actions and impacts positively upon cardiovascular performance, whether Levo impacts the development of brain injury related to pediatric
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Articles CPB is currently unknown. To address this question, we investigated the effects of Levo on circulatory hemodynamics, brain magnetic resonance imaging (MRI), and brain immunochemistry in a lamb model of infant CPB.
RESULTS

Blood Gases and Hemodynamics
Baseline arterial blood gases, mixed venous oxygen saturation (SvO 2 ), heart rate, aortic pressure (P AO ), pulmonary artery pressure (P PA ), CO, and right carotid artery blood flow (Q CA ) were similar in all groups (Tables 1 and 2) . Compared with baseline, arterial pH, PcO 2 , and Po 2 at the four post-CPB time points were unchanged in the three groups (data not shown). However, while SvO 2 ( Table 2 ) was unaltered in the non-CPB and CPB+Levo groups, it fell in CPB lambs (P < 0.05). Blood glucose was unchanged in both CPB and CPB+Levo groups. By contrast, lactate remained elevated postoperatively in CPB lambs (P < 0.05) but was initially elevated (P < 0.001) and then returned to near-baseline values in CPB+Levo lambs.
Compared with baseline, heart rate was unchanged in non-CPB and CPB lambs, but fell in CPB+Levo animals by 120 min after cross-clamp removal (Figure 1a ; P < 0.05). While P AO was higher than baseline in non-CPB lambs (Figure 1b ; P < 0.005), it remained unchanged at 60 min after cross-clamp removal in both CPB and CPB+Levo animals (P = 0.1), before falling over the ensuing 180 min. P PA was also slightly higher than baseline in non-CPB lambs (Figure 1c ; P < 0.05), but was markedly raised at 60 min after cross-clamp removal in CPB and CPB+Levo animals (P < 0.001), and then decreased to nearbaseline levels by 240 min.
CO was 29% lower than baseline between 60 and 240 min after cross-clamp removal in the CPB group (Figure 1d ; P < 0.05) but unchanged in non-CPB and CPB+Levo lambs. However, Q CA fell by 25% in non-CPB (Figure 1e ; P = 0.001) and by 25% in CPB lambs (P < 0.01) in the same interval but preserved in the CPB+Levo group. Consequently, whereas the Q CA -to-CO ratio fell during the study period in non-CPB lambs (Figure 1f ; P < 0.05), it was unchanged in both CPB and CPB+Levo animals.
Magnetic Resonance Imaging
No abnormalities were seen on conventional T1-and T2-weighted imaging in any lamb, but a single focus of 2 mm white matter (WM) injury in the left frontal region was identified on diffusion weighted imaging and apparent diffusion coefficient mapping in a non-CPB lamb, and a small choroid plexus hemorrhage was seen on susceptibility weighted imaging in one CPB lamb. These alterations did not specifically correlate with differences in the immunohistochemical analysis.
Histology and Immunohistochemistry
No intracerebral or intraventricular hemorrhages or major macroscopic abnormalities were identified. However, two main findings were evident on immunohistochemical analysis ( Table 3 and Figure 2 ). Firstly, while the areal densities of anti-glial fibrillary acidic protein immunoreactive (GFAP-IR) astrocytes were similar in all groups in the gray matter (GM), the density of subcortical WM GFAP-IR astrocytes was higher in CPB and CPB+Levo lambs than in non-CPB animals ( Table 3 ; P < 0.05; Figure 2a-c) . Secondly, whereas the areal density of anti-ionized calcium-binding adapter molecule 1 immunoreactive (Iba1-IR) microglia/macrophages did not differ between groups in the cortex, the overall density of Iba1-IR cells in WM was increased in CPB+Levo lambs compared with the non-CPB and CPB groups ( Table 3 ; P < 0.05; Figure 2d-f) .
There was no difference (P > 0.05) between groups in the proportion of vascularity of the brain parenchyma. Extravasation of sheep serum from blood vessels into the surrounding parenchyma was evident in all groups (Figure 2g-i) , with the majority of serum-IR staining being in the WM. While extravasation was extensive in two of the six CPB+Levo lambs, semiquantitative scoring revealed no overall differences between groups. Rabbit anti-malondialdehyde immunoreactive (MDA-IR) 
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Articles staining (which is indicative of oxidative stress) was seen in the endothelial cells of all CPB lambs, compared with only three of six non-CPB animals and three of six CPB+Levo lambs (Figure 2j-l) . MDA-IR was also observed in layers 5 and 6 of the cortex in all CPB lambs (Figure 3b) , compared with only two of six non-CPB animals and none of the CPB+Levo group (Figure 3a) . There was no difference (P > 0.05) between groups in the areal density of Olig2-IR oligodendrocytes in the subcortical or periventricular WM (Figure 3c , periventricular WM non-CBP animal). Qualitative assessment suggested that caspase3-IR apoptotic cells were present in the periventricular WM and corpus callosum, and also (though less densely) in the cortex and deep GM, predominantly the parietal and temporal lobes. Apoptosis was confirmed with terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) staining (Figure 3d , WM CBP animal) and counts performed in these sections (where staining was more distinct than with caspase3-IR) revealed no difference (P > 0.05) in the number of TUNEL-positive cells.
DISCUSSION
To our knowledge, this is the first study to have investigated the effects of Levo on carotid artery blood flow, brain MRI, and immunohistochemical markers of brain injury in a lamb model of infant CPB. Our results indicated that commencement of Levo infusion during weaning from CPB preserved both total CO and carotid artery blood flow in the early postoperative period. However, while Levo reduced a tissue marker of brain oxidative stress accompanying CPB, it increased the density of microglia in the deep WM, which may be suggestive of mild brain injury. The emergence of a sustained reduction in CO at 2 h after cross-clamp removal in CPB lambs (Figure 1) was consistent with development of the typical decline in CO early after CPB. Articles Namachivayam et al.
In this study, the CO fell by around 60 ml/kg/min, which is threefold that observed in our previous study in piglets (10) , implying that detrimental circulatory effects of CPB may be more pronounced in lambs. The postoperative decrease in CO in CPB lambs was accompanied by a parallel fall in carotid artery blood flow (Figure 1) , implying that cerebral perfusion was also reduced.
The institution of a Levo infusion at the timing of weaning from CPB prevented a postoperative fall in CO, which is similar to our previous observations in piglets after CPB (10) . In association with an unchanged CO, postoperative carotid artery blood flow was maintained in CPB+Levo lambs (Figure  1) , suggesting that cerebral perfusion was also preserved. While previous studies have demonstrated that Levo improves blood flow responses in the coronary (14, 15) , renal, liver, and splanchnic circulations (16), our study is the first to investigate its effects on the brain.
CPB resulted in increased brain oxidative stress, which is supported by the presence of cortical and endothelial MDA-IR staining, in all CPB lambs. Infusion of Levo was associated with reduced endothelial MDA-IR staining, and the complete absence of cortical staining, suggesting a potential protective effect on oxidative injury. As well as its circulatory effects, CPB elicits a systemic inflammatory response that is known to adversely affect brain cellular components and processes (17) (18) (19) . Microglia and astrocytes are abundant in brain tissue and have a primary role in the response to inflammatory insults and in neuroprotection (20, 21) . Both microglia and astrocytes respond to cerebral insults by acutely increasing in density, by releasing proinflammatory cytokines and free radicals that reflect and contribute to degeneration, and with the release of antioxidants and other factors that may confer neuroprotection (21) . Our observation of increased astrocyte density in the WM after CPB, which was not present in non-CPB lambs, reflects the impact of an inflammatory insult of CPB on the immature brain. Surprisingly, however, given that stimulation of mitochondrial ATP-sensitive K channels in the brain is considered to confer neuroprotection (12, 22) , CPB+Levo lambs exhibited a raised microglial density within WM that was not seen with CPB alone. We have previously shown a strong correlation between the intensity of microgliosis and the extent of brain injury in an ovine model of endotoxin exposure (23) suggesting a substantial role for microglial activation in the manifestation of and/or response to injury or other adverse events in this species. As the brain response was only monitored in the immediate term in this study, we cannot conclude unequivocally that injury would have developed. Phenotyping of the microglia would help to ascertain the true role of microglial changes in the CBP-Levo response. Furthermore, we note that microglial activation is not invariably associated with brain injury as demonstrated in rodent models of hypoxic ischemia (24, 25) .
Taken together, these immunohistochemical findings suggest that the effect of Levo on brain injury patterns is not 
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Articles only heterogeneous, but maybe more complex than presently believed, which is in keeping with the recent finding that Levo did not provide neuroprotection in an animal model of global transient ischemia and hypoxia (26) . Neuronal apoptosis has been reported after CPB (27, 28) , and Levo has been shown in animal models to have antiapoptotic effects in the myocardium and brain, through its actions on mitochondrial ATP-dependent potassium channels (13, 29, 30) . However, while apopotosis, as indicated by positive TUNEL staining, was present in all study groups, no significant difference was evident in its prevalence between groups. A potential explanation for this finding relates to the growing evidence that inhalational anesthetic agents such as isoflurane may induce neuronal apoptosis (31) (32) (33) (34) . In terms of apoptotic effects, the relatively prolonged exposure of all study groups to isoflurane in our protocol may therefore have confounded any more subtle manifestations of CPB or Levo.
Several methodological issues warrant comment. First, an important limitation of our study was the relatively short duration of postoperative monitoring (4 h), which undoubtedly impacted on the likelihood of seeing more established brain injury on MRI brain and ex vivo, even though gliosis and increased cytokine production (tumor necrosis factor-α, interleukin 1, interleukin 6) are demonstrable as early as 1 h after an acute brain insult (35) . Moreover, the typical nadir of the low output state occurs between 6 and 12 h after separation from CPB. Longer term studies are therefore indicated to follow up the findings of this initial study. Second, our lamb model of CPB offered distinct advantages for the study of structural brain injury, as the immature brain of this species demonstrates similar vulnerability to early injury as humans (36) while, as in humans, lamb brains are gyrencephalic (37) . Finally, our study measured carotid artery blood flow rather than cerebral blood flow directly. However, even though approximately 50% of carotid artery blood flow in the lamb is distributed to extracerebral structures, a close relationship exists between changes in carotid artery blood flow and brain blood flow measured with radioactive microspheres (38) .
Conclusion
Levo prevented early postoperative falls in CO and carotid artery blood flow in a lamb model of infant CPB. This was in association with heterogeneous neuroglial activation and manifestation of markers of oxidative stress. The clinical significance of these findings and their underlying mechanisms warrant further investigation in a longer term model.
METHODS
Surgical Preparation (All Groups)
Eighteen Border-Leicester cross-lambs aged 3-4 wk were assigned to one of three protocols: (i) non-CPB controls (n = 6), (ii) CPB only (n = 6), and (iii) CPB+Levo (n = 6). Anesthesia was induced with 4% isoflurane delivered by mask, and after tracheal intubation, maintained with inhaled isoflurane (1-3%) and an intravenous fentanyl infusion (20-30 μg/kg/h). Animals were ventilated using pressure-controlled ventilation (Servo Ventilator 900C, Siemens Medical Systems, Solna, Sweden), with ventilation adjusted to maintain arterial Po 2 and PcO 2 within physiological limits. Central temperature was monitored with a nasopharyngeal temperature probe and maintained at 37-38 °C using a heating pad and towel covering. A single dose of intravenous buprenorphine (0.3 mg) was given for analgesia prior to sternotomy and neuromuscular blockade achieved throughout the study period with pancuronium (0.2 mg/kg boluses). Intravenous maintenance fluids (0.45% saline with 5% dextrose, 25 ml/h) were administered throughout the study.
Through a cut-down, a triple lumen catheter was inserted into the right femoral vein for fluid and drug administration, while a fluidfilled catheter was advanced via the right femoral artery into the descending thoracic aorta for monitoring of P AO and blood sampling for gas analysis, and in CPB and CPB+Levo groups, measurement of lactate and glucose concentrations. Through a midline neck incision, Q CA was measured with a 4 mm perivascular transit-time flow probe (S-series, Transonic Systems, Ithaca, NY). The heart was exposed via a median sternotomy and suspended in a pericardial cradle. A fluidfilled catheter was placed in the main pulmonary artery for monitoring P PA and measurement of SvO 2 . A 10 or 12 mm nonrestrictive flow probe (A-series, Transonic Systems) was placed around the ascending aorta to measure CO. In all lambs, baseline blood gas and physiologic data were collected after completion of instrumentation.
Additional Procedures in CPB Groups
An infant CPB circuit with a roller pump (Stockert CAPS, Munich, Germany) and a membrane oxygenator (Terumo SX10, Terumo Corporation, Tokyo, Japan) was primed with 500 ml of heparinized ewe's blood, obtained just before the lamb surgery and concentrated to a hemoglobin level of 85-90 g/l. Lambs were given intravenous heparin (300 IU/kg) and placed on CPB at 32 °C following right atrial and aortic cannulation, with a flow rate of 150 ml/kg/min. After crossclamping of the aorta, crystalloid cardioplegia solution was infused into the aortic root, the heart topically cooled with ice, and cardioplegic arrest maintained by infusion of additional cardioplegia every 20 min during the cross-clamp period. The aortic cross-clamp was released after 90 min and lambs warmed to the baseline temperature. At the end of CPB, modified ultrafiltration was performed (removing 50 ml/kg ultrafiltrate) and full mechanical ventilation recommenced. The total duration of CPB, including weaning after cross-clamp removal, was approximately 2 h. An alpha-stat blood gas strategy was used to manage blood pH throughout the study.
Experimental Protocol and Measurements
Heart rate, P AO , P PA , and Q CA were monitored continuously throughout the study period. In CPB and CPB+Levo lambs, the aortic flow probe was removed during the period of cross-clamping, but reapplied after cessation of CPB. In CPB and CPB+Levo lambs, hemodynamics and blood gases were measured at baseline (i.e., pre-CPB) and at 60, 120, 180, and 240 min after cross-clamp removal, with measurement of these variables at corresponding times in non-CPB lambs. During weaning from CPB, a continuous infusion of dopamine was commenced at a rate of 5 μg/kg/min in CPB lambs, with addition of intravenous Levo (loading dose 12.5 μg/kg over 10 min, followed by a continuous infusion of 0.2 μg/kg/min (39) for the remainder of the study period) in CPB+Levo lambs.
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The right cerebral hemisphere was subsequently dissected into 5-mm blocks and processed to paraffin. Serial 8-μm sections were cut from each block, with one section per block stained with hematoxylin and eosin. For each antibody, immunohistochemistry was performed on four sections taken from similar levels of the rostrocaudal extent of the forebrain (midfrontal, anterior and posterior parietal/temporal, midoccipital) with use of (i) rabbit anti-GFAP (1:500; DAKO, Glostrup, Denmark) to identify reactive astrocytes, (ii) rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1; 1:500; Wako, Richmond, VA) to identify microglia and macrophages, (iii) rabbit anti-sheep whole serum (1:1,000; Sigma, St. Louis, MO) to asses blood-brain barrier integrity, and (iv) rabbit anti-MDA (1:400; Abcam, Cambridge, UK) to identify oxidative stress. Sections were also stained with Colorimetric TUNEL System (Promega, Madison, WI) to identify cell death (apoptosis and necrosis). Freefloating immunohistochemistry for caspase3 (1:2,000; Cell Signalling Technology, Danvers, MA) was performed on 40-μm frozen sections cut from five blocks sampled from the rostrocaudal extent of the left cerebral hemisphere.
All histological and histochemical analyses were performed on coded slides with the observer blinded to study groups. Qualitative analysis was performed on hematoxylin and eosin sections for the presence of hemorrhages, infarcts, cystic WM lesions, and neuronal cell death, while MDA-IR in cortical layers and endothelium was also assessed. Semiquantitative analysis was performed on sections stained for whole serum-IR to assess the presence of reactivity around cerebral blood vessels, indicative of blood-brain barrier breakdown or weakening. The total number of capillaries affected across the GM and WM assessed was scored as 0 = none, 1 = 1-2, 2 = 3-10, and 3 = >10 capillaries. For quantitative analysis, randomly selected fields of view were measured in four stained sections (for each antibody and for each brain) using an image analysis system (Image Pro Plus v4.1, Media Cybernetics, Rockville, MD). GFAP-and Iba1-positive cells were counted in three fields in the cortex (layers 2-4) and two fields in each of the deep and subcortical WM and expressed as cells/mm 2 . TUNEL-positive cells were counted in the periventricular WM (in the same regions as for the immunohistochemical staining) and in the deep GM. Vascularization was assessed by point counting to determine the percentage of cortex and WM occupied by blood vessels in GFAP-IR sections.
Statistical Analysis
Data were analyzed using SigmaPlot version 11 for windows (SyStat Software, San Jose, CA), preceded by logarithmic transformation where data had a nonnormal distribution. Baseline hemodynamic and blood gas variables, as well as histological and immunohistochemical data, were analyzed using one-way ANOVA, with post hoc analysis performed using the Bonferroni correction or Tukey's test. Changes in hemodynamic and blood gas data were analyzed using repeated measures one-way ANOVA, with specific within-group comparisons between time points evaluated by partitioning the sums of squares into individual degrees of freedom (40) . Results are expressed as mean ± SEM, and P < 0.05 was considered significant.
Experiments were approved by the Murdoch Childrens Research Institute Animal Ethics Committee and conformed with guidelines of the National Health and Medical Research Council of Australia.
